Long-term imaging of calcium dynamics using genetically encoded calcium indicators and automatic tracking of cultured cells by Razlivanov, Igor. et al.
www.BioTechniques.comVol. 65 | 2018No. 1 37
Benchmarks
 Many signaling pathways use calcium as a 
second messenger to co-ordinate cellular 
physiology in a multitude of processes 
including differentiation, cellular stress 
or apoptosis   [1, 2] . It is therefore crucial 
to understand how calcium dynamics 
infl uence these processes. Cultured cells 
are an excellent system to approach this 
problem due to their ease of use and 
accessibility to drug treatment or genetic 
manipulation. Signaling pathways involving 
calcium ions have been studied in detail 
using many cell lines, including cancer cell 
lines  [3, 4] and stem cells  [5, 6] . However, 
biological processes often occur over a 
scale of many hours or even days. Accord-
ingly, there is a need for robust approaches 
to facilitate long-term imaging and quanti-
fi cation of calcium dynamics. Here we 
present an effi cient and robust approach 
for long-term calcium imaging in cultured 
cells. This approach employs genetically 
encoded calcium indicators instead of 
calcium dyes  [7] and uses semi-automatic 
cell detection and tracking of cultured cells. 
 The genetically encoded calcium 
indicator (e.g., GCaMP5) is expressed in 
HeLa cells under the control of a CMV 
promoter using standard lipofectamine 
3000 transfection  (Figure 1 A). Cells are 
subsequently imaged using a wide fi eld 
microscope (e.g., Nikon [Tokyo, Japan] 
Dual Cam Eclipse Microscope with perfect 
focusing system, 20x/0.75 objective, 
CMOS Andor [Belfast, Northern Ireland] 
Zyla cameras and 525–50 Green and 
605–50 Red fi lters) with environmental 
control (37 degrees, CO 2 /O 2 and humidity 
control). Agonists are manually added to the 
imaging chamber or automatically applied 
via peristaltic pump (e.g., Nemesys pump, 
Cetoni [Korbußen, Germany]) at the bottom 
of the imaging chamber and the total volume 
is regulated by a separate pump placed 
above the imaging solution. This experi-
mental approach allows imaging of cytosolic 
calcium dynamics in cultured cells for more 
than 8 h  (Figure 1 B and  [7] ) without any 
detectable photobleaching or ectopic local-
ization of GCaMP reporter within subcellular 
compartments. Longer imaging time may 
also be possible but may require better CO 2 /
O 2 and humidity control and periodic appli-
cation of fresh media.  
 A problem with conventional imaging 
of cells over long time periods is that cells 
often move around each other. To overcome 
this a Java-based cell analyzer (jCA) has 
been developed; a semi-automatic image 
analysis software that facilitates simulta-
neous tracking and calculation of average 
GCaMP5 fl uorescence within individual 
cells (available at   [8] ). The jCA software 
can be manually adjusted for parameters 
including fi lter, background removal, and 
defi nition of minimal and maximal particle 
size (Supplementary data). The jCA uses 
a watershed algorithm cell segmentation 
and then connects regions of interest 
that overlap in neighbouring frames. 
Background subtraction using a rolling-
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ball algorithm enables optimal segmen-
tation in a non-ideal background (e.g., dirt, 
glass scratches, etc.). Figure 1C shows an 
example of cell segmentation performed 
on phase-contrast images. On a standard 
dataset used in [9] and available at [10], 
the algorithm developed herein correctly 
identified 98.7% of cells (n = 1076 cells from 
11 images). For a movie of 2800 frames, 
the algorithm can extract full fluorescent 
dynamics of 20–50% of cells.
The basal cytosolic calcium concen-
tration in many cell types is low, therefore, 
segmentation of cells based on calcium 
reporter fluorescence is not feasible. 
However, cells can be identified using 
phase-contrast images (Figure 1C) or alter-
natively, by co-expression of red fluorescent 
protein (Figure 1D). In this case, the jCA 
software defines the cell borders from the 
first reporter in the image set and reports 
the overall fluorescence from the second 
reporter (see Supplementary protocol). 
Segmentation performed on phase-
contrast and fluorescent images have 
their own advantages and disadvantages. 
Phase-contrast images are more uniform 
and therefore the parameters used for 
segmentation are similar for each individual 
cell. However, the segmentation on phase 
contrast images often results in segmen-
tation of the nucleus area, rather than the 
entire cell, thus leaving some important 
cellular compartments not being analyzed.
Using this combined approach to 
chronic calcium imaging, we have recorded 
and analyzed the calcium dynamics of 
individual cells for many hours. Figure 2 
shows an example and subsequent analysis 
of calcium oscillations reported in a large 
population of cells. Figure 2B demonstrates 
three examples of individual cells with 
distinct calcium dynamics: some of these 
cells exhibit calcium oscillations (Figure 
2B, top), while others display no calcium 
o scillations (Figure 2B, bottom). 
The resulting individual traces are then 
used to define the basic properties of 
calcium dynamics in individual cells and the 
entire population. One of the key properties 
of calcium oscillations that define their 
downstream output is their frequency [11]. 
Many cells do not exhibit continuous oscil-
lations but rather oscillate in bursts that last 
for tens of minutes/hours (e.g., Figure 2B). It 
is therefore beneficial to calculate the power 
spectrum of individual traces and define 
the characteristic frequencies, rather than 
calculating average frequency or interspike 
interval over the entire experiment. Figure 2C 
shows three examples of power spectra of 
the traces, shown in Figure 2B. The top two 
traces have pronounced peaks at around 
10 and 20 mHz, respectively. In addition to 
characterization of the dominating frequency 
using power spectrum, it may be useful 
to understand whether this dominating 
frequency changes with time. This can 
be explored using Wigner transform [12], 
shown in Figure 2D. Both cells, shown on 
the top of Figure 2C, tended to decrease 
their characteristic frequency of calcium 
oscillation with time.
Using this approach it is now possible 
to address a variety of biological problems 
concerning the functional role of calcium in 
numerous cell types. One such question is 
the diversity of calcium signaling mecha-
nisms in individual cells. Figure 2E demon-
strates an example of a systematic analysis 
of diversity of oscillation frequencies in a 
population of 272 cells imaged in one exper-
iment. The spiking rate of individual cells was 
automatically defined by low-pass filtering 
and subsequent thresholding of individual 
traces (see supplementary protocol and 
supplementary materials). The distribution 
is broad with some cells showing no calcium 
oscillations, while others demonstrate 
high-frequency oscillations.
Our approach also enables correlation of 
calcium dynamics with biological processes. 
Two classical examples [1,2,13] of processes 
with characteristic calcium dynamics are 
mitosis and apoptosis. During mitosis, 
calcium dynamics are down regulated and 
cells display no oscillations (Figure 2F, top) 
while apoptosis (detected by morphological 
changes in the cell) is characterized by a 
significant increase in cytosolic calcium 
concentration and no spiking (Figure 2F, 
bottom).
This approach also enables the appli-
cation of multiple agonists and/or analysis of 
the long-term effect of chemical compounds 
Figure 1. Long-term calcium imaging of HeLa cells using genetically encoded calcium indicators. (A) 
Example of HeLa cells transfected with CMV:GCaMP5 using lipofectamine 3000 transfection. Scale 
bar = 100 μm. (B) Examples of long-term calcium dynamics from cells shown in A. Inset on top shows 
expanded trace with calcium oscillations. Notice that there is no bleaching or decrease in the calcium 
reporter responsivity. Regions of interest were defined manually. (C, D) Cell segmentation using jCA soft-
ware performed on phase-contrast (C) and red fluorescence (D). Cells were transfected with CMV:RFP 
construct).
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on calcium dynamics. Figure 2G demon-
strates examples in which the effect of UTP 
and ATP was assessed in the same cells for 
a prolonged period of time. Each compound 
was applied for 1 h and calcium dynamics 
of individual cells was defined.
Taken together, these results indicate 
that our approach enables better long-term 
imaging of calcium dynamics in individual 
cultured cells.
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Figure 2. Analysis of calcium imaging data and examples of applications of the proposed approach. 
(A) Examples of cells transfected with RFP (top) and GCaMP5 (bottom) used for the analysis in Figure2. 
Scale bar = 200 μm. (B) Examples of calcium dynamics from three cells extracted using jCA software. 
Notice that the top two cells show calcium oscillations, while the bottom traces exhibit no calcium os-
cillations. Scale bars = 30 min and 0.05 ΔF/F0. (C) Power spectra of the three examples shown in B. 
Notice that the top two traces exhibit characteristic oscillation frequency (10 and 20 mHz, respectively). 
(D) Wigner transforms performed on the top two traces shown in B and C. Notice that dominating fre-
quency changes with time. (E) Distribution of average oscillation frequency in a population of 272 cells. 
(F) Example of calcium dynamics of cells undergoing mitosis (top) and apoptosis (bottom). Both mitosis 
and apoptosis, shown as black bars on top, were identified using changes in cell morphology. Scale 
bars = 1 h and 0.5 ΔF/F0. (G) Example of long-term application of calcium mobilizing agonists. Agonists 
were manually applied at 60 min and 120 min of the experiment. Scale bar = 30 min and 1 ΔF/F0.
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